It is now recognized that the non-enzymatic, free radical-mediated oxidation of the biomembrane and tissues is involved in a variety of pathological events [ 1 , 2] . Liposomes have been extensively used for the study of biomembrane-related problems, including lipid peroxidation [3] [4] [5] . Following the exposure of liposomes to a radical initiator, the process of lipid peroxidation is biochemically assessed by the formation of thiobarbituric acid-reactive substances (TBARS), conjugated diene, measurement of hydrocarbon gases, and other substances [6] . However, direct information on the degree of physical and functional membrane damage caused by radical attack is difficult to obtain with these methods.
Hemolytic assays of intact red cells [7] and erythrocyte ghost vesicles [8] have also been used, but the results of these tests may be influenced by: 1) the membranous proteins that comprise about 50% of the membrane constituents [9] ; 2) content of radical scavengers such as z-tocopherol, catalase, and superoxide dismutase; 3) hemoglobin, which is a possible radical initiator [10] ; and/or 4) other unknown components of the erythrocyte.
In this papef, we used a liposome enveloping carboxyfluorescein (CF) as a release marker. CF is a self-quenching compound that shows very low fluorescence under the encapsulated condition, but which generates a high fluorescence when diluted in a large volume. And the marker release is dependent on the degree of liposomal membrane damage [11] [12] [13] .
MATERIALS AND METHODS
Soybean phosphatidylcholine (SPC) was obtained from Nippon Shoji Co., Osaka. Dipalmitoylphosphatidylcholine (DPPC) was furnished by Nippon Oil & Fats Co., Tokyo. Cholesterol and dipalmitoylphosphatidic acid (DPPA) were purchased from Sigma Chemical Co., St. Louis, MO. CF (a mixture of 5-and 6-carboxy derivative of fluorescein [11] ) was obtained from Eastman Kodak Co., Rochester, NY. Desferal was purchased from Nippon Ciba-Geigy Co., Hyogo. All other reagents were from Wako Pure Chemicals Co., Osaka. The liposomal constituents, which are shown in Table 1 , were dissolved in a mixture of chloroform and methanol (1: 1 v/v). The organic solvent was removed by evacuation with a rotary vacuum evaporator to obtain a thin film on the flask wall. After 200 a 1 of distilled water had been added dropwise into each flask, the film was slowly shaken off to obtain a white, milky, multilamellar liposome suspension. The preparation was then sonicated to obtain unilamellar and/or oligolamellar liposomal membranes. After freeze-drying, 100 ,u l of 0.05 M CF dissolved in water was added to each liposomal membrane. Then they were placed aside for more than 2 h, shaken gently, and washed with 0.05 M Hepes-saline buffer (HSB, pH 7.3) three times by centrifugation at 15,000>< g for 20 min. The resulting pellet was resuspended in 1 ml of HSB for further analysis. The CF enveloped in the liposomes had a concentration of 0.05 M, and the fluorescence quenching was above 90% under this condition [11] . Ferric nitrilotriacetate (Fe-NTA) with a reductant was employed as the radical initiator [14] . Fe-NTA was prepared by mixing the ferric nitrate solution with a nitrilotriacetic acid trisodium salt solution to obtain neutral iron chelate having a molar ratio of iron to chelator of 1: 4. The pH was adjusted with NaHCO3 to 7.3. The iron concentration was 18 mM as a stock solution. Before use, Fe-NTA and various reductants, i.e., cysteine (Cys), reduced form glutathione (GSH), or ascorbic acid (AA), were adjusted with HSB to the desired concentrations as described in the figures.
The assay was begun by the addition of 50 ,u 1 of the liposome suspension to 2 ml of the radical initiator or HSB. CF leakage from liposomes continuously stirred at 20°C was detected by continuous monitoring with a fluorospectrophotometer (Hitachi-F3010, Tokyo) set for excitation at a wavelength of 490 nm and emission at 520 nm. The reaction was stopped at 60 min by addition of 50,u 1 of 5% Triton X-100 to obtain total releasable CF. The specific marker release was calculated according to the method of Yasuda et al. [12] : % specific marker release = (experimental release -spontaneous release) >< 100/(total release -spontaneous release). A typical experiment is shown in Fig. 1 . The measurements were Fig. 1 . Tracing of the fluorescence intensity of CF release from the liposomes. The incubation was begun by addition of 50 pl of CF-entrapping SPC liposomes to 2 ml of a radical initiator, Fe-NTA (2 mlvt Fe), and equimolar GSH (a). As a control, 2 ml of HSB (b) was used. The incubation was stopped after 60 min (a, b) by addition of 50,ul of 5% Triton X-100 (~) to the sample to obtain the total releasable CF. This was considered to represent 100% CF release. repeated at least three times. TBARS in the liposomes exposed to the radical initiator were measured by the method of Buege and Aust [15] . Briefly, as with the fluorescence leakage assay, 100 p 1 of the liposome suspension was added to 0.9 ml of a radical initiator solution containing 0.3 mlvi Fe-NTA with an equivalent of reductant and incubated at 37°C. To terminate the incubation, 2 ml of 0.375% thiobarbituric acid, 15% trichloroacetic acid, 0.25 N HC1, and 0.002% Desferal [16] was added to each sample. The mixture was incubated at 100°C for 15 min and then cooled, after which the absorbance of the chromogen was measured at 535 nm.
RESULTS
In SPC liposomes incubated with a radical initiator, Fe-NTA with GSH, CF was released gradually with time. And the total releasable CF was obtained by Fig. 3 . Dose-dependent effect of Fe-NTA/GSH (circles) on the CF release from SPC liposomes after 60 min of incubation. NaCI (dots) was used as a control in place of Fe-NTA/GSH. addition of Triton X-100 after 60 min of incubation to both SPC liposomes incubated with Fe-NTA plus GSH and those incubated with HSB (Fig. 1) .
Time-dependent specific release of CF from the SPC liposomes was observed by incubating them with Fe-NTA plus various reductants as a radical initiator. Fe-NTA with AA and with Cys elicited a greater release of CF than Fe-NTA with GSH. But incubation of SPC liposomes with GSH, HSB, or Fe-NTA alone did not enhance CF release (Fig. 2) . The release of CF from SPC liposomes was dependent on the Fe-NTA/GSH concentration during the 60-min incubation period (Fig. 3) . Since there was no increase in CF release in a gradient concentration of NaCI, a non-radical ion solution, the liposomal membrane was also considered to be stable under a wide range of osmotic pressures (Fig. 3) . The DPPC liposomes and a-tocopherol-inserted SPC liposomes released only negligible amounts of CF by incubation with Fe-NTA/GSH (Fig. 4) . The results of the thiobarbituric acid test performed simultaneously with the fluorescence assay of liposomes corresponded well with those of the CF leakage assay (Fig. 5) . When either DPPC liposomes or a-tocopherol-inserted SPC liposomes were used in place of SPC liposomes, there was no TBARS elevation in the presence of Fe-NTA/GSH (data not shown).
DISCUSSION
In the present study, we have shown that Fe-NTA plus reductants can interact with a CF-enclosing SPC liposome to induce distinct CF release. This release was dependent upon the degree of lipid peroxidation of the membrane. This phenomenon may be explained by an increase in the permeability of the lipid membrane due to physicochemical damage caused by radical attack, although the SPC liposomal membrane was stable under a wide range of osmotic pressures (Fig. 3) . Liposomal membranes consisting of phosphatidylcholine containing saturated fatty acids (DPPC) or of that containing polyunsaturated fatty acids and a-tocopherol were not damaged by radical attack (Fig. 4) . a-Tocopherol is a known lipid-soluble, chain-breaking antioxidant. Its physicochemical and biochemical radical scavenging effects were clearly shown by this model. These results correspond well with the tissue injury caused by Fe-NTA and the scavenging effect of a-tocopherol in vivo [17, 18] . Therefore, we believe this physicochemical damage model adequately reflects lipid peroxidation-induced cell injury and is thus of importance for further analysis of such injury.
There are some differences between erythrocytes and liposome membranes in the results of the lipid peroxidation reaction, and these differences are probably caused by differences in the membrane constituents, as described above. For example, obvious hemolysis, i.e., membrane breakdown, occurs in red cells incubated with 2,2'-azobis(amidinopropane)dihydrochloride (AAPH), a water-soluble radical initiator [20] . Shimasaki [10] , however, reported that AAPH did not cause any increase in TBARS in an iron-free liposome reaction system, and concluded that the existence of iron plays a more important role in lipid peroxidation than previously thought. Other reports, however, support the view that lipid membranes are very susceptible to iron-dependent peroxidation [18 -21] . In fact, in the analysis system using red blood cells, iron is probably supplied through the degradation of hemoglobin. We also tested our membrane model incubated with a sufficient amount (2-80 mM) of AAPH, but no enhanced CF release from SPC liposomes was observed, and there was no increase in TBARS under our experimental conditions (data not shown). Therefore, we believe that liposomes are superior to erythrocytes for the analysis of membrane damage caused by lipid peroxidation.
The liposome model introduced in this paper should be useful as a physico- 
